The eukaryotic multi-subunit RNA exosome complex plays crucial roles in 3′-to-5′ RNA processing and decay. Rrp6 and Ski7 are the major cofactors for the nuclear and cytoplasmic exosomes, respectively. In the cytoplasm, Ski7 helps the exosome to target mRNAs for degradation and turnover via a through-core pathway. However, the interaction between Ski7 and the exosome complex has remained unclear. The transaction of RNA substrates within the exosome is also elusive. In this work, we used single-particle cryo-electron microscopy to solve the structures of the Ski7-exosome complex in RNA-free and RNA-bound forms at resolutions of 4.2 Å and 5.8 Å, respectively. These structures reveal that the N-terminal domain of Ski7 adopts a structural arrangement and interacts with the exosome in a similar fashion to the C-terminal domain of nuclear Rrp6. Further structural analysis of exosomes with RNA substrates harboring 3′ overhangs of different length suggests a switch mechanism of RNA-induced exosome activation in the through-core pathway of RNA processing.
Introduction
In eukaryotic cells, almost all RNA transcripts are under the surveillance of the RNA quality control system, which removes aberrant, misfolded, or damaged RNA molecules by inducing their degradation [1, 2] . Whereas the 5′-to-3′ decay of RNA substrates is mainly mediated by the Xrn1 and Rat1 exonucleases, the 3′-to-5′ RNA degradation is executed by the exosome, a multi-subunit RNA degradation complex that trims RNA substrates continuously at their 3′ end [3] . Functional studies have revealed that the exosome is a critical player in the turnover of almost all RNA species, including mRNAs, rRNAs, tRNAs and other non-coding RNAs in both the nucleus and the cytoplasm [4] . The exosome is also responsible for removal of the 3′ tail of many RNA species during their maturation in the nucleus [5] .
The eukaryotic exosome complex shares a homologous 9-subunit core complex with the prokaryotic PNPase and the archaeal exosome complexes [6] [7] [8] [9] . All have a barrel-shaped structure with a region at the top for RNA substrate recruitment and a central channel allowing single-stranded RNA substrate to access. Whereas the PNPase and the archaeal exosome both have phosphorolytic exoribonuclease activity on the inner surface of the channel, the eukaryotic exosome core has completely lost its exoribonuclease activity during evolution, though it has preserved the architecture. The sole RNase activity of the eukaryotic exosome comes from the tenth protein, npg www.cell-research.com | Cell Research Rrp44 (Dis3), which attaches to the bottom of the core complex. Rrp44 is a multi-domain protein with a processive hydrolytic exonuclease activity at its C-terminal region, which is homologous to bacterial RNase II, and a relatively weak endonuclease activity at its N-terminal region [10] [11] [12] . Previous structural studies have shown that Rrp44 specifically interacts with Rrp41, Rrp43 and Rrp45 of the core complex, aligning with the central channel's exit of the core complex [13] [14] [15] . The Rrp44-bound exosome complex is considered to be an important active core complex in eukaryotes and is termed Exo10 [16] .
The architecture of Exo10 suggests multiple pathways for RNA substrates to be processed by the complex [13] . Similar to its prokaryotic and archaeal homologs, the eukaryotic Exo10 can recruit RNA substrates with single-stranded 3′ overhangs via the RNA-binding proteins at the top of its core and move the substrates entirely through the central channel and to the RNase active site of Rrp44 below the core. This through-core pathway, supported by the crystal structure of the holo-enzyme bound to an RNA substrate [14] , requires the RNA substrate to have a single-stranded 3′ overhang longer than 30 nt to reach the Rrp44 exonuclease active site from the entry point of the core. The solvent exposure of the Rrp44 active site in the apo structure of Exo10 also suggests another pathway where RNA substrates reach the Rrp44 active site without passing through the central channel of the core. This direct-access pathway does not require RNA substrates to have very long single-stranded 3′ overhangs and enables Exo10 to process RNAs with a tertiary structure [17] . Interestingly, our previous structural studies have indicated that Exo10 adopts distinct conformations in the through-core and direct-access pathways, of which the latter is very similar to the apostate of the complex [17] . Our previous studies have also indicated that the through-core conformation of Exo10 is very likely to be induced by the RNA substrate within the central channel. How this conformational switch is triggered is not known yet.
Multiple protein cofactors have been found to regulate the cellular localization, RNA substrate specificity and activity of the exosome in vivo. In the best studied Saccharomyces cerevisiae system, Rrp6, an RNase D-type enzyme with distributive exonuclease activity, interacts physically and functionally with the exosome in the nucleus [18] . Rrp6 has been revealed to interact with the Exo10 complex at the top region, next to the entry site of the core [14, 15, 19] . In the cytoplasm, Ski7, a putative GTPase, bridges the exosome with the ribosome complex and the Ski2/3/8 complex, a cofactor complex, thus promoting recognition and degradation of aberrant mRNAs by the exosome [20] . Ski7 has been suggested to interact with Csl4 at the top of the Exo10 core [21, 22] . To date, no structural information about the assembly of Exo10 with Ski7 is available.
In this work, we used single-particle cryo-electron microscopy (cryo-EM) to obtain the structures of the Exo10-Ski7 complexes in RNA-free and endogenous RNA-bound forms at resolutions of 4.2 Å and 5.8 Å, respectively. The high-resolution structures allowed us to depict the conformational difference between the two states at a near-atomic resolution level, providing insights into the mechanism of RNA-induced conformational change that activates the through-core RNA processing pathway. Furthermore, our structural analysis revealed that the N-terminal domain of Ski7 adopts a structural arrangement and interacts with the exosome core complex in a similar fashion to the C-terminal domain of Rrp6. This explains how distinct exosome complexes in vivo are exclusively distinguished in different RNA processing events.
Results

Purification of the endogenous Exo10-Ski7 complex
In our previous studies, we purified the endogenous Exo10 complex from an RRP6-knockout S. cerevisiae strain with TAP-tagged Rrp46 [13, 17] . Using the same protocol except for a minor modification at the washing step of the tandem affinity purification procedure, we recovered the exosome complex after elution from the IgG beads. Using Mono Q TM ion-exchange chromatography, we were able to separate the Exo10 and Exo10-Ski7 complexes as indicated by the measurement of UV absorbances at 260 and 280 nm and the SDS-PAGE analysis ( Figure 1A and 1B). Mass spectrometry verified that the Ski7-containing fraction was the Exo10-Ski7 complex, with Ski7 in a stoichiometric ratio with the other Exo10 components (Supplementary information, Tables  S1 and S2) .
We used negative-stain EM to examine the Exo10-Ski7 and Exo10 complexes separated by ion-exchange chromatography. Both complexes were mono-disperse under EM and hence were suitable for single-particle two-dimensional (2D) classification analysis. As expected, the 2D class averages of the Exo10 complex showed classical Exo10 structures, as previously observed [13, 17] . In contrast, the 2D class averages of the Exo10-Ski7 complex revealed a prominent additional density attached to the top of the Exo10 core ( Figure 1C ). Because mass spectrometry demonstrates that the Exo10-Ski7 fraction only contains Ski7 and components of the Exo10 complex, the additional density should correspond to the Ski7 protein and the RNA attached to it. The observa- tion that the Ski7 protein sits on top of the Exo10 core complex corroborates the previous discovery that Ski7 interacts with Csl4, an RNA-binding protein located at the top region of the core complex [21] . In the 2D class averages, the additional density exhibited a globular shape, probably corresponding to the C-terminal GTPase domain of Ski7 [23] . The different orientations of the globular density relative to Exo10 in different 2D class averages indicate a flexible interaction of this part with the core complex.
Cryo-EM structure of the Exo10-Ski7 complex
To analyze the high-resolution structure of the Exo10-Ski7 complex, we performed cryo-EM analysis of the Exo10-Ski7 complex by using a Titan Krios electron microscope equipped with a K2 Summit direct electron counting camera. This allowed us to detect fine details in the 2D class averages of the complex, calculated by the RELION software (Supplementary information, Figure   S1 ). However, we did not observe any additional density on top of the core in the 2D class averages, which was observed in the negative-stain EM. Further classification of the particle images with the IMAGIC-4D image processing package revealed some additional weak densities attached to the top of the exosome (Supplementary information, Figure S1D ), again reflecting the flexibility of Ski7's interaction with Exo10. We performed three-dimensional (3D) classification of the data set and found that there were primarily two types of conformations of the complex (Supplementary information, Figure S2A ), resembling what we have previously observed as the apo and the RNA-bound states of Exo10 [17] . Further refinement of the two populations of particles yielded a reconstruction of the complexes in apo-like and RNA-boundlike states at resolutions of 4.2 Å and 5. tions allowed us to visualize the details in the exosome complex in different states. We used the available atomic models of the reconstituted yeast Exo10-Rrp6-RNA complex (PDB code: 4IFD) and the reconstituted yeast sub-complex Rrp41-Rrp44-Rrp45 (PDB code: 2WP8) to build the atomic model of the apo-state Exo10 within the apo-like 3D map of the complex ( Figure 2C ). The model agreed with the EM map with a high cross-correlation coefficient of 0.9652, and some major side chains were depicted in the EM map (Supplementary information, Figure S2D and Movie S1). There are still some vacant portions of the map, in which the atomic models Figure S3A ). The difference map showed an extra density on top of the core complex (see Discussion), but did not show any additional densities along the central channel or close to the Ribo Nuclease Binding (RNB) domain of Rrp44, suggesting that the structure indeed represents an RNA-free Exo10-Ski7 complex.
For the 5.8-Å RNA-bound-like Exo10-Ski7 EM map, we compared it with the atomic model of the reconstituted Exo10-Rrp6-RNA complex (PDB code: 4IFD) and found that the two structures highly resembled each other in the Exo10 portion. We extracted the Exo10 portion from the 4IFD coordinates and docked it into the 3D EM map.
The docking was precise, with a cross-correlation coefficient of 0.9350, indicating the high fidelity between the EM and crystal structures ( Figure 2D , Supplementary information, Figure S2C and Movie S2). We also calculated the difference map by subtracting the docked Exo10 model from the 3D EM map and found two stretches of prominent additional densities at the bottom of the central channel and in the activity pocket within the RNB domain of Rrp44 (Supplementary information, Figure S3B ), in addition to a prominent density on top of the core complex (see Discussion). These results indicate that the 5.8 Å EM map represents an RNA-containing Exo10-Ski7 complex, and thus we designated this complex as endogenous RNA-bound Exo10-Ski7 complex.
Ski7 interaction with the Exo10 complex
The difference maps calculated as described above from the RNA-free and RNA-bound Exo10-Ski7 EM maps had other prominent density features in addition to those within the central channel and the Rrp44 active site. A major additional density with a similar U-shaped structure in both maps is on the upper surface of the core complex (Supplementary information, Figure S3A and S3B). It is likely that this density, wrapping around the Csl4 and Rrp4 proteins of the core, corresponds to the N-terminal region of Ski7 ( Figure 3A and 3B) as cross-linking mass spectrometry revealed cross-linked signals of the N-terminus of Ski7 with both Csl4 and Rrp4 (Supplementary information, Figure S4 ), in agreement with the density's location on the outer surface of the core. To further verify that this additional density corresponds to Ski7, we performed single-particle reconstruction of the Exo10 complex eluted in the second peak in the ion-exchange chromatography and obtained its 3D EM reconstruction at a resolution of 6.3 Å (Supplementary information, Figure S5 ). There was no additional density above the core complex of Exo10, which served well as the negative control.
Further examination of the density of Ski7's N-terminal region revealed that it shared similar features with Rrp6's C-terminal domain and even the similar interaction interface when bound to the core complex ( Figure  3A and Supplementary information, Figure S3F ). This unexpected structural similarity between the N-terminal portion of Ski7 and the C-terminal portion of Rrp6 motivated us to investigate the homology relationship between the Ski7 and Rrp6 proteins. Although no sequence homology was found between these two proteins, secondary structure prediction suggests the presence of several long helices within the Ski7 N-terminus (residues 141-240), with a similar distribution pattern as helices in the C-terminus of Rrp6 (residues 531-630) ( Figure  3C ). To determine whether Rrp6 and Ski7 competitively interact with Exo10, we purified the recombinant yeast Rrp6-Rrp47 complex from E. coli and performed binding assays of this complex with Exo10-Ski7-or Exo10-coated calmodulin beads. We found that excess Exo10 beads effectively pulled down all of the Rrp6-Rrp47 complexes from the supernatant, whereas the Exo10-Ski7 beads showed almost no binding of the Rrp6-Rrp47 complex (Supplementary information, Figure S3C ). This result supports the hypothesis that Ski7 can effectively block the interaction of Rrp6 with Exo10.
Combining the secondary structural prediction, cross-linking results, and the feature of the difference maps, we were able to build the N-terminal region of Ski7 to fit into the U-shaped difference map as a hypothetical model ( Figure 3A and 3B). This model indicates that Ski7 interacts with Csl4 and Rrp4 of the core complex mainly via residues 145-235 (Supplementary information, Figure S3D and S3E), consistent with a previous report [21] .
Conformational difference of Exo10-Ski7 complexes in the RNA-free and RNA-bound states
The atomic models of the RNA-free and RNA-bound Exo10-Ski7 complexes allowed us to elucidate the conformational differences between these two states in greater detail. The conformations of the core complex in these two states are very similar, except for Rrp44's RNase IIlike domain, which comprises the CSD1, CSD2, RNB and S1 domains ( Figure 4A ). The major conformational difference between the two states occurred in the Rrp44 protein, in which the RNase II-like domain displays an inward and downward rotation relative to the core complex from the RNA-free state to the RNA-bound state showing the Ski7 density on top of the RNA-bound complex, calculated by subtracting the atomic model of Exo10 obtained from the RNAExo10-Rrp6 complex structure (PDB code: 4IFD) from the RNA-bound Exo10-Ski7 3D EM map (mesh rendering). In both A and B, the hypothetical atomic model of the N-terminal portion of Ski7 (residues 141-230; red) was docked into the difference map. The arrangement of the four helices is marked. The yellow ball and stick cartoons show the estimated positions of the two pairs of cross-linked residues between the Ski7 and Exo10 components. In B, the two red dashed boxes show the location of Rrp6 helices a and b sitting on Exo10, as determined in the structure of the RNA-Exo10-Rrp6 complex (PDB code: 4IFD). The green dashed line shows the location of residues 556-595 of Rrp6 on Exo10. (C) The secondary structure elements of Ski7 (residues 141-240) and Rrp6 (residues 531-630) that are responsible for the interaction with Exo10. The structural element arrangement of Ski7 was based on the secondary structure prediction by PSIPRED [47] , whereas that of Rrp6 was based on the RNA-Exo10-Rrp6 complex structure (PDB code: 4IFD).
Figure 4
Conformational change between the RNA-free and RNA-bound Exo10 complexes. The atomic models of the RNAfree Exo10 (A) and the RNA-bound Exo10 (B). In both models, the Exo9 core complex is in light pink, Rrp44 is labeled according to its domains: PIN in cyan, CSD1 in orange, CSD2 in green, RNB in blue, and S1 in purple, and the C-terminal helix of Rrp45 is in red. Rrp44's domain arrangement in the primary structure is shown in the upper panel of A. The overall atomic models of Exo10 in both states are shown in the center. A zoomed-in view of the interface between Rrp45 and Rrp44 boxed in the overall models is shown on the left with a 180-degree rotation. The zoomed-in view of the RNase II-like domains in both states with their RNB domains aligned is shown on the right. The RNA substrate recruitment path is shown as a black dashed line.
C-terminal tail of Rrp45 (residues 297-303) inserts into a pocket between the CSD2 and RNB domains of Rrp44 and a newly formed β-strand element in Rrp45's C-terminal tail interacts with two strands within the RNB domain ( Figure 4A ). In the RNA-bound complex, this tail is released from the binding pocket and refolds to become the extension of Rrp45's C-terminal α-helix, which no longer interacts with Rrp44 ( Figure 4B) . A similar conformational change in the C-terminal tail of Rrp45 was observed through X-ray crystallography [15] . The dramatic conformational change of Rrp44's C-terminal portion also markedly decreased the interaction area between the RNase II-like domain and the rest of the Exo10 complex from ~2 573 Å 2 in the RNA-free state ( Figure  5A ) to ~913 Å 2 in the RNA-bound state ( Figure 5B ). Furthermore, the surface electrostatic potential distribution patterns of the interaction surfaces in the RNase II-like domain and the core complex were complementary with each other in the RNA-free complex ( Figure 5A ) but were rather repulsive in the RNA-bound complex ( Figure npg www.cell-research.com | Cell Research Figure 5 The surface electrostatic potential distribution within the Exo9-Rrp44 PIN and RNase II-like domain binding interface. The surface electrostatic potential distribution at the interface between the Exo9-Rrp44 PIN and the RNase II-like domain of Rrp44 in RNA-free Exo10 (A) and RNA-bound Exo10 (B) complexes. For each complex structure, the RNase II-like domain of Rrp44 was dismantled from the Exo10 atomic model and rotated 180 degrees (as shown in the thumbnail panels) to reveal the interaction interface on the Exo9 core and Rrp44 surface. The interaction area of the RNase II-like domain on Exo9- PIN is marked by a yellow contour. The oval circles with the same color in the pairing surfaces represent the same interface in the corresponding models. 5B). All of the above results suggest that protein-protein interaction in the RNA-free complex is stronger than that in the RNA-bound complex. Therefore, in the RNAbound state, the RNA substrate in the central channel spanning from the core to Rrp44 may play a major role in stabilizing the complex.
We also observed another conformational change within the C-terminal portion of Rrp44. Compared with the RNA-free complex, the RNA-bound complex had its Rrp44-CSD1 domain moving away from the Rrp44-RNB domain, enlarging the RNA entry channel of Rrp44 so that its RNase active site is more accessible (right panels in Figure 4A , 4B and Supplementary information, Movie S4). There is also a loop (residues 705-720) within the RNB domain that moves away from the active site upon RNA binding (Supplementary information, Movie S4), as revealed earlier [10] . Therefore, Rrp44 undergoes an induced-fit enzymatic activation by its RNA substrates [24] .
Conversion between the two conformations induced by RNA
To understand the mechanism underlying the conformational conversion induced by RNA, we incubated the Exo10-Ski7 complex with RNA substrates in vitro and analyzed complex structures with cryo-EM. Our previous work has shown that the Exo10 complex can be purified in an RNA-free conformation but was converted into an RNA-bound conformation by single-stranded RNA substrates with 3′ overhangs longer than 14 nt in a buffer containing EDTA. In contrast, the Exo10-Ski7 complex purified in the present study adopted Figure S6A and S6B). When we added RNA substrates with 3′ overhang of 48 nt (RNA48) to Mg 2+ -treated exosome sample and incubated the sample in the EDTA-containing buffer, all of the complex molecules adopted an RNA-bound conformation (Supplementary information, Figure S6H and S6I). These EM results verify that the conformational conversion is indeed solely induced by RNA substrates.
We further investigated the mechanism underlying RNA substrate-induced conformational change of the exosome complex. As shown above, the structure of the endogenous RNA-bound Exo10-Ski7 complex has two major densities corresponding to RNA molecules located at the bottom part of the central channel (Site 1) and the active site of Rrp44 (Site 2), respectively ( Figure 6A and Supplementary information, Figure S3B ). Because the reconstructed image was an average of many molecule images, the strong signal of RNA within the complex indicates that the presence of RNA in the complex is a common feature in most of the molecules contributing to the reconstruction, thus reflecting the stable interaction of the RNA substrates with the exosome proteins. We reasoned that these two sites might be responsible for RNA-induced conformational changes in the exosome. To determine which site is more critical for the conformational change, we designed two hairpin RNAs with single-stranded 3′ overhangs of 24 nt (RNA24) or 18 nt (RNA18), and examined their abilities to induce exosome conformational change. According to the crystal structure of the holo-Exo10-Rrp6-RNA complex [14] , RNA24 should be able to reach the bottom region of the central channel at Site 1 but should not reach Site 2, whereas the tail of RNA18 should be too short to even reach Site 1. We incubated these substrates with the Exo10 complex (in a preparation free of any endogenously bound RNAs, generated by the aforementioned MgCl 2 treatment procedure) and performed single-particle EM analysis of the final complex. As predicted, RNA18 did not cause a conformational change in the Exo10 complex (Supplementary information, Figure S6C and S6D). In contrast, RNA24 incubation led to a major conformational alteration in the complex. Approximately 40% of the complexes adopted the RNA-bound conformation, whereas the rest appeared to have a very flexible arrangement in the RNase II-like domain of Rrp44 (Supplementary information, Figure S6E and S6F). Another round of 2D classification of images from the latter group by the IMAGIC-4D package revealed various orientations adopted by the RNase II-like domain relative to the core (Supplementary information, Figure S6G ). We reconstructed the structure of the RNA24-Exo10 complex at a 6.8-Å resolution and calculated the difference map by subtracting the docked Exo10 atomic model from the 3D reconstruction ( Figure 6B and Supplementary information, Figure S7 ). Compared with the endogenous RNAbound Exo10-Ski7 complex, the RNA24-Exo10 complex had the additional density corresponding to RNA substrates only at Site 1 but not at Site 2 ( Figure 6B ). In summary, the above results from the analyses of RNA18-and RNA24-incubated exosome complexes indicate that Site 1 is both necessary and sufficient for the RNA substrate to induce a major conformational conversion of Exo10 from the RNA-free state to the RNA-bound state.
We further examined the structural elements around Site 1 of Exo10 and found that a hairpin loop of Rrp43 might be involved in the RNA-induced conformational change. This loop, composed of residues 251-270 of Rrp43, folds as a β hairpin and is involved in RNA binding in the crystal structure of the Exo10-Rrp6-RNA complex (PDB code 4IFD). We also observed a clear density corresponding to this structural element in the 3D map of the endogenous RNA-bound Exo10-Ski7 complex near Site 1 ( Figure 6C ). In contrast, in the 4.2-Å 3D map of the RNA-free Exo10-Ski7 complex, after unambiguously modeling almost the entire Rrp43 protein, we were unable to find a significant density to model the hairpin loop structure, indicating that it is a highly flexible structural feature in the apo structure of the exosome complex. Using molecular dynamics simulations, we calculated a few possible conformations of this loop in the RNA-free complex, all sitting at Site 1 of the core channel's exit, in a location higher than the β hairpin in the RNA-bound conformation ( Figure 6C ). This analysis provides structural information to explain RNA-induced conformational changes in the Exo10 complex ( Figure  4) : the interaction between Rrp45 and Rrp44's CSD2 domain is well maintained in the apo state, but would clash with Rrp43's β hairpin in the RNA-bound state if the interaction is maintained. Furthermore, we construct- ed a mutant yeast strain in which residues 250-264 of Rrp43's hairpin loop were deleted and observed that the mutated yeast showed growth defect in comparison with the wild-type strain (Supplementary information, Figure  S7C ). Collectively, we hypothesize that the hairpin loop of Rrp43 might serve as a sensor for RNA substrates at Site 1 to trigger the conformational conversion of the exosome complex from apo to RNA-bound states in the through-core route of RNA degradation.
Discussion
The cytoplasmic exosome is responsible for both general mRNA turnover to degrade transcripts no longer needed and mRNA quality control to remove aberrant transcripts [5, 25] . The degradation of these RNA substrates by the exosome requires Ski7 and its partner complex Ski2/3/8. Ski7 is thought to function in bridging the exosome with the ribosome complex in the nonstop decay pathway and bringing the Ski2/3/8 complex to the exosome to promote its RNA degradation activity [26, 27] . Our current work isolated Ski7-bound exosomes from yeast cell lysates, showing that Ski7 directly and stably interacts with the cytoplasmic exosome. The Ski7 protein belongs to the eRF3/GSPT family based on its conserved GTPase domain. In this family, the function of two well-studied members, EF1A and eRF3, is to interact with the A site of the ribosome; thus, the GTPase domain of Ski7 is likely to be responsible for recognizing the ribosome's empty A-site during nonstop translation events, so that Ski7 can present the aberrant mRNA to Exo10 for degradation [28] . The observation that Ski7 sits on top of the exosome core indicates its role in guiding mRNA substrates to the Rrp44 RNase site via the through-core route. Of note, the orientation of the Ski7 GTPase domain relative to the Exo10 core is highly flexible ( Figure  1C) , indicating the dynamic nature of Ski7 in RNA or ribosome recognition with little steric hindrance.
The exosome executes RNA degradation and surveillance roles in both the cytoplasm and the nucleus, but through two distinct cofactors, Ski7 and Rrp6, respectively, with different activities. It is still unclear how the cytoplasmic and nuclear exosome complexes within a cell relate to each other in their assembly and functional and spatial separations [20] . Our observation that Ski7 interacts with the core exosome in a very similar fashion as Rrp6 provides new insight into the relationship between the two types of exosomes in a cell. Despite the lack of sequence homology, the N-terminal domain of Ski7 and the C-terminal domain of Rrp6 share similar secondary structural folding and bind almost exactly the same surface on the core exosome (Supplementary information, Figure S3D-S3F) . Our in vitro binding experiments suggest that these two types of exosome complexes are exclusive to each other at the assembly stage (Supplementary information, Figure S3C ). The assembly most probably occurs in the cytoplasm, accompanied by the synthesis or maturation of Rrp6 and Ski7. After the assembly, the exosome bound with nuclear localization sequence-containing Rrp6 [29] enters the nucleus and is therefore separated spatially from the Ski7-exosome complex remaining in the cytoplasm. This also explains why Rrp6 and Ski7 have never been detected to bind to the exosome complex simultaneously. Thus, the two types of complexes carry out distinct functions in RNA processing, and the homeostasis of the nuclear and cytoplasmic exosome complexes within a cell may be regulated directly by the synthesis rate of the Ski7 and Rrp6 proteins. Furthermore, the competition between Ski7 and Rrp6 on the core exosome may reduce the leakage activity between the nuclear and cytoplasmic exosome species.
Our near-atomic resolution structure of the Exo10 complex in different RNA-binding states allowed us to depict the mechanism by which the enzymatic activity of the exosome is regulated by its RNA substrate in the through-core route ( Figure 7 ). As we and others have previously discovered, RNA molecules with a long enough single-strand (ss) 3 overhang induce a major rearrangement of the Rrp44 RNase II-like domain relative to the core complex so that the ssRNA substrates coming out of the core directly thread into the exonuclease active site for degradation [13] [14] [15] 17] . However, how this major conformational change in Rrp44 occurs upon RNA substrate binding was unknown. The comparison of the high-resolution structures of Exo10-Ski7 in its apo and RNA-bound states suggests that structural elements such as a hairpin loop of Rrp43 at Site 1 may serve as a switch sensor allowing the incoming RNA from the core chamber to interact and induce a cascade of structural rearrangements that weaken the interaction between Rrp45 and Rrp44. This weakened interaction may potentially liberate the Rrp44 RNase II-like domain so that it can rotate and rock more freely, sampling different orientations relative to the core complex and thus allowing RNA substrates to come out of it. Once there is a ssRNA 3′ tail of sufficient length emerging from the core's exit, the RNA tail may be captured by the RNA-binding tunnel between the CSD domains and the RNB domain of Rrp44, thus stabilizing Rrp44 into the RNA-bound conformational state. The positively charged tunnel of Rrp44 further recruits the RNA substrate to Site 2 for degradation. As revealed previously, the tension built up within the Rrp44 RNase II-like domain during RNA processing causes a burst that pulls the RNA substrate forward, thus leading npg www.cell-research.com | Cell Research Figure 7 Model of RNA degradation by Exo10-Ski7 in the cytoplasm. During the mRNA decay process, the Ski7 protein recruits the exosome to the ribosome for effective targeting on aberrant RNAs (1). The RNA is loaded by Exo10-Ski7 from the top entry of the core (2), within which the RNA can be channeled through Site 1 and Site 2 along the central channel (3, 4, 5, and 6). When the 3′ end tail of the RNA reaches Site 1, it triggers a conformational change in Rrp43's hairpin loop that may weaken the interaction between the Rrp45 and the Rrp44 CSD2 domain (3) . A conformational change in Rrp44 from the RNA-free to the RNA-bound state is stabilized when the RNA tail reaches Site2 (4). As the RNA substrate is shortened by the continuous degradation (5), the 5′ end of the RNA passes Site 1 and cannot hold Rrp44 in the RNA-bound state (6), thus resulting in the conformational recovery of the exosome for the next round of reaction (7) . In the cartoon model, the exosome is divided into two parts, Exo9-Rrp44PIN (grey) and the RNase II-like domain (green). The N-terminal and C-terminal domains of Ski7 are marked with Ski7 NTD and Ski7 CTD, respectively. The loop of Rrp43 (aa 245-280) in Site 1 (the binding interface) is colored blue, and the loop of Rrp44 (aa 695-720) in Site 2 is colored red. The RNA degradation pocket (Site 2) is boxed by a blue semi-transparent circle.
to processivity and mild unwinding activity [24] . When the RNA is completely degraded, the electrostatic potential repulsion and small binding area of the two interfaces drive the reverse conformational change from the RNAbound state to the apo state. The exosome is then ready to recognize new RNA substrates for the next cycle of processing ( Figure 7) .
We have previously shown that the Exo10 complex can process RNA in a direct-access route in addition to its canonical through-core route [17] . These results are in agreement with previous biochemical data suggesting that the exosome complex may use the direct-access route to process certain RNAs in the nucleus for their maturation. We now show that the Rrp44 subunit of the Exo10-Ski7 complex in the apo state adopts the same conformation as that of the Exo10 complex, indicating that the cytoplasmic complex may also be able to process RNA substrates through the direct-access pathway. The interaction of Ski7 with the core complex does not cause conformational changes in the Rrp44 subunit. The existence of a direct-access route for RNA processing in the cytoplasmic exosome complex requires further verification, and, if it exists, RNA processing through the direct-access pathway in the cytoplasm will be of interest in future investigations.
Materials and Methods
Affinity purification of exosome from IgG resin beads 2 ml Rabbit IgG resin (Sigma-Aldrich) was equilibrated with 200 ml washing buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 10% glycerol with 2 mM DTT, 2 mM EGTA, 1 mM PMSF and 1 tablet of complete EDTA-free protease inhibitor mixture from Roche Applied Science). Then, 100 ml supernatant of TAP-Rrp46-ΔRrp6 yeast lysate was loaded through the resin twice at 4 °C 17 . The resin was then gently washed with 150 ml high salt buffer (washing buffer plus 250 mM NaCl) and equilibrated with 150 ml TEV cleavage buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT). About 10 ml TEV buffer was retained in the chromatographic column with 1 ml TEV protease (homemade, 15.4 mg/ml) additive for overnight shaking at 4 C to release exosome from the resin.
Ion-exchange chromatography purification for exosome
The Mono Q column (5/50 GL; GE) is pre-washed by 20 ml 100% buffer B, and then equilibrated with 5% buffer B until the conductivity and UV curves are stable. The affinity purification eluent is loaded onto the Mono Q TM column. After washing with 10 ml 20% buffer B, the column is eluted in gradient from 30 ml 45% buffer B to 20 ml 100% buffer B. The eluent is collected with 0.5 ml per fraction under the monitor of 260 nm and 280 nm wavelength UV detector. All the processes were carried on a GE AKTA chromatography system. Buffer A: 50 mM Tris-HCl (pH 8.0) and 2 mM EGTA. Buffer B: 50 mM Tris-HCl (pH 8.0), 2 mM EGTA and 1 M NaCl. Different percentage of Buffer B was made by diluting it with Buffer A.
Purification of the Rrp6-Rrp47 complex
The S. cerevisiae Rrp6 (His-tagged) and Rrp47 cDNAs were cloned into MCS1 and MCS2 of pRSFDuet-1(Novagen), respectively. Rrp6 and Rrp47 plasmids were co-transformed into chemically competent E.coli BL21 (DE3) pLysS cells. Then N-terminally His-tagged Rrp6 and untagged Rrp47 were co-expressed by overnight IPTG (Sigma) induction at 16 °C. Rrp6-Rrp47 was firstly enriched by Ni-affinity chromatography (GE Healthcare). Then, eluted fractions containing Rrp6/Rrp47 were pooled and further applied to a HiTrap Heparin HP column (GE Healthcare), and finally purified over a Superdex 200 column (GE Healthcare) with high-salt buffer (20mM Tris pH8.0, 500mM NaCl, 1mM β-Me).
Preparation of RNA-free exosome and RNA-bound exosome complexes
To remove the endogenously bound RNA substrates from the purified exosome complexes, the complex was incubated in reaction buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM DTT, and 1 mM MgCl 2 ) on ice for 1.5 h to ensure all the endogenous RNA was totally degraded. The reaction was then stopped by adding EDTA to a final concentration of 5 mM. RNA substrates were ordered from Takara company with following sequences: 5′-CCCCCGAGAGGGGGU 18 -3′ for RNA18, 5′-CCCCCGA-GAGGGGGU 24 -3′ for RNA24, and 5′-CCCCGGGG(AUUU) 12 -3′ for RNA48. RNA-bound exosome samples were then prepared by incubating the MgCl 2 -treated exosome and RNA substrates together with a molar ratio of 1:10 in binding buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM EDTA, and 1 mM DTT) on ice for 30 min.
Mutagenesis and growth assay of yeast cells
The yeast strain (BY4742 MATα his3∆1 leu2∆0 lys2∆0 ura3∆0) [30] was transformed with wild-type Rrp43 in a ura3-bearing p5472 vector and screened in medium lacking uracil. For each transformation, 2 colonies were selected for further analysis to get the strain overexpressing the p5472 construct. The DNA fragment containing wild-type Rrp43 from the upstream (500 bp) to the downstream (200 bp) of its open reading frame genomic sequences was amplified by PCR and cloned into the pJD8 vector carrying a hygromycin resistance gene. The construct was then used to generate the Rrp43 mutant with aa 250-264 deletion by site-directed mutagenesis. Then the DNA sequences encoding Rrp43 (wild-type or mutant) and hygromycin resistant gene were amplified by PCR from these plasmids, generating PCR products with 500 bases of homology to the region upstream and 60 bases of homology to the region downstream of the Rrp43 ORF by using corresponding primers (forward primer sequence: 5′-AAGCCTTGAAGGTA-AAAGCTGGTGTTCG-3′; reverse Primer sequence: 5′-CGTT-GAAAAAAGTTTTCCGTTTCCTTTCGACAGTCATCAGA-TAATTTTATCCGAGTCTTTCGACACTGGATGGCGGCGT-TAG-3′). Yeast clones with the p5472 construct were transformed with either of these PCR products and screened on YPD plate plus 600 µg/ml hygromycin (Roche). For each batch of transformation, 6 colonies were selected for further analysis. The sequence of Rrp43 was amplified from the genome of individual clones and sequenced to confirm the mutagenesis. The identified strains grew in synthetic complete (SC) medium at 30 °C overnight before spotting serial dilutions onto the synthetic complete medium plates with and without 0.1% 5-fluoroorotic acid (5-FOA), which is used to remove ura3-bearing p5472 plasmid. The growth colonies on the plates were analyzed after 3 days of incubation at 30 °C. Rrp6-Rrp47 complex solution and incubated in pull-down buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 1 mM DTT) on ice for 30 min. The incubation was stirred every 5 min manually to assure efficient interaction. After the incubation, the solution was centrifuged on a bucket-spinner for 5 min to separate the beads from the solution. After keeping the centrifuged sample sitting on ice for 10 min, we gently collected supernatant and washed the beads three times with 600 µl pull-down buffer. The supernatant and beads were then treated for subsequent SDS-PAGE analysis.
In vitro protein binding assay
Negative-staining EM and image processing
Samples were diluted at a final concentration of ~50 nM of the exosome and negatively stained in 2% (w/v) uranyl acetate (Electron Microscopy Sciences) solution following the standard deepstain procedure on holey carbon-coated EM copper grids covered with a thin layer of continuous carbon. Then, negatively stained specimens were mounted on a transmission electron microscope holder and examined by a Tecnai Spirit electron microscope operated at 120-kV acceleration voltage. Magnified digital micrographs of the specimen were taken at a nominal magnification of 49 000 on a Gatan Ultrascan4000 CCD camera with a pixel size of 2.29-Angstroms at the specimen level. The defocus values used were about −1.0 to −1.5 µm, and the total accumulated dose at the specimen was about 70 electrons per Å 2 . We used EMAN2 [31] to do the semi-automatic particle picking and IMAGIC-4D [32] to perform CTF correction and reference-free 2D alignment and classification for all the particles [33] .
Cryo-EM and image processing
For each glow-discharged holey carbon grid (Quantifoil Cu R1.2/1.3), 3.5 µl sample with a particle concentration of ~1 µM was applied. The grids were then blotted for 1.5 s by Whatman 55 mm filter paper and flashed frozen in liquid ethane slush cooled at liquid nitrogen temperature in FEI Vitrobot Mark IV. Grids were transferred to an FEI Titan Krios electron microscope operated at 300-kV acceleration voltage and equipped with a Gatan K2 Summit direct electron counting camera. Micrographs were recorded in super-resolution mode by semi-automated low-dose acquisition program UCSF-Image4 at a nominal magnification of 22 500×, corresponding to a pixel size of 1.31 Å on the specimen level. The total exposure time of each image was 8 seconds which was fractionated into 32 sub-frames. The total accumulated dose on specimen was about 50 electrons per Å 2 . The defocus values used for the image recording were about −1.2 to −3.2 µm. The 32 frames of each image stack were aligned, decimated and summed by frame-based motion correction algorithm [34] . Particle picking and coordinate exporting were performed in EMAN2. CTF values of the micrographs were determined by CTFFIND3 program [35] . 2D reference free classification and 3D classification procedures were performed in RELION 1.3 [36] . For certain 2D averages for some samples, we performed further reference-free 2D classification with the CTF-corrected particles exported from Relion1.3 by IMAGIC-4D. The auto-refinement, post-processing and auto-bfactor correction processes were all performed in RELION 1.3.
Cross-linking mass spectrometry analysis
The exosome samples were cross-linked with two cross-linkers -Bis (sulfosuccinimidyl) suberate (BS 3 , from Pierce) and an in house-developed cross-linker called Leiker (Tan et al., data to be published). Leiker targets lysine residues and eventually adds 316.1423 Da to a pair of cross-linked peptides. The cross-linking reactions containing 10 g of BS 3 or Leiker and 10 µl (for BS 3 ) or 40 µl (for Leiker) of 1 mg/ml protein sample in 20 mM HEPES, pH 8.0, 150 mM NaCl, were set at RT for 1 h and then quenched with 20 mM ammonium bicarbonate (JT Baker). Then, the crosslinked proteins were precipitated with acetone, resuspended in 8 M urea, 100 mM Tris, pH 8.5, and digested with trypsin (Promega) at 37 °C overnight. The peptides were analyzed by LC-MS/MS on an EASY-nLC 1000 system coupled to a Q-Exactive mass spectrometer (Thermo Fisher Scientific). Peptides were separated on an analytical capillary column (75 µm × 10 cm) packed with 1.8 µm C18 resin, using a 100 min linear gradient at a flow rate of 200 nl/min. The mass spectrometer was operated in data-dependent mode with one MS1 event at 70 000 resolution followed by ten HCD MS2 events at 17 500 resolution. Precursors with a charge state of +1, +2, or unassigned charges were rejected. Dynamic exclusion time was set to 60 s. Cross-linked peptides were identified by searching the MS/MS spectra against a sequence database containing all the proteins in the sample (identified through a conventional LC-MS/ MS experiment for protein identification) using the pLink software. The pLink search results were filtered by requiring FDR < 0.05 and E-value < 0.0001 [37] .
Molecular modeling and structure refinement of RNA-free exosome complex
We combined rigid body docking and molecular dynamic flexible fitting (MDFF) [38] to model the structure in RNA-free Exo10-Ski7 complex. In order to generate the starting atomic model, we firstly superimposed the crystal structures of RNA-free Rrp41-Rrp44-Rrp45 tertiary complex (PDB code: 2WP8) and RNAbound Exo10 complex (PDB code: 4IFD), aligning at Rrp41 and Rrp45 protein coordinates. We then built a merged model comprising of Rrp44 and Rrp45 from 2WP8 and the rest components from 4IFD. We deleted the loop region of 256-269 within Rrp43 due to the steric clash with Rrp44 in the model. This starting model was docked as a rigid body into the 4.2 Å resolution EM density map using UCSF Chimera [39] and subsequently refined by the molecular dynamics flexible fitting which incorporated the EM density gradient as an external potential into MD simulation. All MDFF simulations were performed in NAMD 2.9 using CHARMM 22 all-atom force field with CMAP correction [36, [40] [41] [42] . The simulations were carried at options of T = 300 K and 1 bar, employing the Langevin algorithm [43] with an integration time-step of 1 fs and a scaling factor ζ = 0.3 kcal*mol −1 for 10 ns. Missing loops were modeled with MODELLER 9.14 [44] . As for loop 256-269 in Rrp43, 10 typical generated configurations were further sampled and refined using Protein Local Optimization Program (PLOP) [45] . Top 1000 ranked configurations were clustered by NMRCLUST [46] program according to the RMSD values of C-α atoms in the loop to select the representative models.
Ski7 model building
A difference map was calculated by subtracting the above MDFF-refined atomic model from the RNA-free Exo10-Ski7 EM map using UCSF Chimera. The secondary structure of the N terminal of Ski7 (residues 1-250) was predicted by PSIPRED [47] . Four regions predicted to be helixes were selected, which matched the length of the helix and loops in the difference map and were also consistent with the identified cross-linked pairs of Ski7 by cross-linking mass spectrometry analysis. The initial helical structures were built by MODELLER and docked into the EM density map. To maximally match the EM density map, these helical structures were further refined by truncating residues outside the density map or elongating the helix from neighboring residues based on unoccupied density. Then the loop configurations of the residues between helices were modeled and refined. A further round of MDFF simulation was carried out to obtain the structure of RNAfree Exo10-Ski7 complex.
Accession code
The 3D reconstruction maps obtained by Cryo-EM have been deposited into the Electron Microscopy Data Bank under accession codes, EMD-3366 (RNA-free Exo10-Ski7), EMD-3369 (RNA-bound Exo10-Ski7), EMD-3367 (RNA-free Exo10), EMD-3368 (RNA18-bound Exo10), EMD-3370 (RNA24-bound Exo10), EMD-3371 (RNA48-bound Exo10), and EMD-3372 (Untreated Exo10). The atomic coordinates of RNA-free Exo10-Ski7 have been deposited via PDB submission tool in the Protein Data Bank with the accession code 5G06.
